p-CuSCN/n-Fe 2 O 3 heterojunctions were electrochemically prepared by sequentially depositing α-Fe 2 O 3 and CuSCN films on FTO (SnO 2 :F) substrates. The α-Fe 2 O 3 and CuSCN films and the α-Fe 2 O 3 /CuSCN heterojunctions were characterized by Field Emission Scanning Electron Microscopy (FESEM), Energy-Dispersive X-ray spectroscopy (EDX), and X-Ray Diffraction (XRD). Pure crystalline CuSCN films were electrochemically deposited on α-Fe 2 O 3 films by fixing the SCN/Cu molar ratio in the electrolytic bath to 1:1.5 at 60 °C and at a potential of -0.4 V. The photocurrent measurements showed an increase of the intrinsic surface states or defects at the α-Fe 2 O 3 /CuSCN interface. The photoelectrochemical performance of the α-Fe 2 O 3 /CuSCN heterojunction was examined by chronoamperometry and linear sweep voltammetry techniques. It was found that the α-Fe 2 O 3 /CuSCN structure exhibits a higher photoelectrochemical activity when compared to α-Fe 2 O 3 thin films. The highest photocurrent density was obtained for α-Fe 2 O 3 /CuSCN films in 1 M NaOH electrolyte. This high photoactivity was attributed to the high active surface area and to the external applied bias;, which favors the transfer and the separation of the photogenerated charge carriers in α-Fe 2 O 3 /CuSCN heterojunction devices. The flat band potential and the donor density were found to be maximal for the heterojunction. These results suggest a substantial potential to achieve heterojunction thin films in photoelectrochemical water splitting applications.
Introduction
In recent years, a great deal of attention has been paid to heterogeneous thin film deposition on highly structured semiconductor substrates such as Fe 2 O 3 , ZnO, TiO 2 , and GaN to form heterojunction; the latter semiconductor are essential in many electrical, photoelectrical, and catalytic applications generally requiring an enlargement of the interface area.
Thermodynamically, the water splitting reaction is an uphill process that requires a minimum energy of 1.23 eV as the Gibbs free energy change is ΔG° = 237.2 kJ mol -1 or 2.46 eV per H 2 O molecule [1] . However, a high overpotential is needed due to non-idealities in real operations taking into account the water splitting reaction complexity. The water splitting process requires two steps as it is not quite as straightforward as ripping apart the three atoms in H 2 O. The full reaction requires the participation of two H 2 O molecules, which are then separated according to the following reduction and oxidation half-reaction [2] .
Reduction reaction:
− → H 2 ( $%& ' = 0.00 V/RHE) (1) Oxidation reaction:
Overall reaction:
where RHE indicates a reversible hydrogen electrode (RHE).
Given that four-electron water oxidation is the rate-limiting step in the overall water splitting reaction, the development of high-efficiency photoanodes for O 2 evolution capable of overcoming the high overpotential requiring to perform this reaction represents an important barrier that must be overcome [3] . Hematite (α-Fe 2 O 3 ) is one of the most promising photoanode candidates as it has a narrow bandgap of ~ 2.1-2.2 eV and allows a ~ 16.0% theoretical solarto-hydrogen (STH) efficiency for photoelectrochemical (PEC) water splitting [4, 5, 6] . Moreover, compared to other narrow bandgap semiconductors, α-Fe 2 O 3 offers many additional advantages, including excellent stability in alkaline solutions, earth abundance, and nontoxicity [3] [4] [5] [6] [7] . However, α-Fe 2 O 3 has extremely poor electrical conductivity with a hole diffusion length of 2 -4 nm [8] and suffers from a high charge carriers recombination leading to a low PEC performance; the future success of α-Fe 2 O 3 photoanodes in PEC water splitting remains questionable, as α-Fe 2 O 3 itself can hardly achieve rather high PEC efficiency for practical potential use and necessitates modification to improve the PEC performance.
Herein, an overview of the synthesis, modification, and characterization of nanostructured α-Fe 2 O 3 thin film is provided with an emphasis on charge carrier dynamics and PEC properties [9] . In the past few years, an increasing number of studies focused on α- The characterization of the films was carried out using FESEM and X-ray diffraction (XRD) techniques. 
Materials characterization
The crystal structure of α-Fe 2 O 3 and α-Fe 2 O 3 /CuSCN heterojunction were investigated by XRD (Rigaku Ultima IV diffractometer in the Bragg-Bentano configuration) using the CuKα radiation (λ = 1.54060 Å). The microstructural and elemental analyses were characterized using a Zeiss ULTRA 55 model scanning electron microscope (SEM) equipped with an energy dispersive spectroscopy (EDS) system. To determine the band gap energy was estimated from the optical absorption, which was measured by recording the transmission spectra using a UVVisible spectrophotometer (Ocean Optics HR4000) coupled to an integrating sphere (in order to collect both specular and diffuse transmittance).
The photoluminescence (PL) was measured using a He-Cd laser (l=325 nm) and a Jobin YvonHoriba spectrometer coupled to a Hamamatsu back-thinned Si-CCD detector.
Photoelectrochemical and electrochemical analyses
The PEC measurements were performed in a quartz cell to facilitate the light reaching the photoelectrode surface. The light exposed surface of the working electrode is 0.25 cm Figure 2 .a shows the cyclic voltammogram of the Fe 2 O 3 films recorded at 50 mV/s. During the negative sweeps Fe 3+ was reduced to Fe. In the reduction region, the film is deposited at a potential ranging between -0.2 and 0 V. These films showed negligible photo-activity and were not further characterized [28] . Furthermore, in the positive sweep the films were deposited by an electrochemical oxidation of the Fe 2+ ions to Fe 3+ ions followed by precipitation of Fe 3+ ions as ferric hydroxide (Fe (OH) 3 ). The anodic deposition of the Iron oxide is represented by the following equations [29] . Figure 3 shows the chronoamperometry for a CuSCN film depositesd from an electrolyte containing Cu and SCN in the molar proportion of 1:1.5. The rapid surge in the current density observed at the onset of the applied potential is due to the double layer charging, and then, the current density decayed gradually due to an increase in the electric resistance of the electrochemical system related to nucleation and growth of CuSCN crystals having semiconductor characteristics [31] . After an interval of about 200 s, there is a gradual increase of the current density for a period of time and then the current density becomes constant. 
Results and discussion

Potential variation
Fe 2+ ↔ Fe 3+ + e -(4)Fe 3+ + 3OH -→ Fe (OH) 3 ↓ (5)
Morphological, chemical composition and structural characterizations
Optical properties of CuSCN
Figure 8a and 8b show the transmission and absorption spectra of the CuSCN film and the α- (Figure 8b ). To calculate the optical band-gap energy (E , ) of the films, the absorption coefficient can be estimated as follows:
The relation between the absorption coefficient α and the energy of the incident light hν is given by [39] :
where α is the absorption coefficient, A is a constant, h is the Planck's constant, ν is the photon frequency, Eg is the optical band gap, and n is equal to 2 for direct transition, and to 1/2 for indirect transition. According to the Tauc plot ((αhν) 2 vs.hν) (Fig. 9) , the optical band gap Eg of the typical CuSCN film is about 3.3 eV. Jaffe et al. (Fig.11a) .
A proposed mechanism for the enhanced photocurrent density heterojunction α- The measurements of the photocurrent under pulsed light were acvhieved using a chronoamperometry technique (Fig. 13.a) . In the steady state, the α-Fe 2 O 3 /FTO electrode shows a photocurrent density f about 5µA/cm 2 . However, the α-Fe 2 O 3 /CuSCN/FTO heterojunction shows a photocurrent density of about 15 µA/cm 2 , which is 3 times bigger than that of the α- electrodes. The photocurrent density drops in the first two cycles and then was steady and quasireproducible after several on-off cycles of light, with no overshoot at the beginning or the end of the on-off cycle, indicating that the direction of the electron diffusion is free from grain boundaries, which can create traps to hinder electron movement and slow down the photocurrent generation [47] .
It is believed that deposition of CuSCN on α-Fe 2 O 3 enhanced the photoactivity of the photoanode in two aspects: (i) the p-n junction can effectively extract holes and separate charge carriers, leading to enhanced photocurrent, and (ii) The loading of the heterojunction photoanode with CuSCN further facilitates the electron transfer at the electrode/electrolyte interface and thus enhances the photoelectrochemical water oxidation.
To validate the energy band diagram suggested in Figure 11 , we have made additional measurements of the photocurrent generated by the heterostructure under illumination with a wavelength that excites only the hematite (l > 400 nm). Figure 13c (9) where, e is the electron charge, ε is the dielectric constant of the semiconductor, ε o is the vacuum permittivity, A S is the surface area of the working electrode, k is the Boltzmann's constant, and T the temperature. The positive slopes confirm that α-Fe 2 O 3 is a n-type semi-conducting material, and the negative slopes indicate that the CuSCN is a p-type semi-conducting material.
The calculated donor density increases from 1. Fig. 14a and   14c ).
Conclusions
Semiconducting materials such as n- 
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